A convergent series of studies in monkeys and man suggests that the computation of visual space is performed in several brain regions for different behavioural purposes. Among these multiple spatial areas, the ventral intraparietal cortex, the putamen and the ventral aspect of the premotor cortex (area 6) contain a system for representing visual space near the face (peripersonal space). In these cerebral areas some neurons are bimodal: they have tactile receptive fields on the face, and they can also be driven by visual stimuli located near the tactile field. The spatial correspondence between the visual and tactile receptive fields provides a map of near visual space coded in body-part-centred co-ordinates. In the present study we demonstrate for the first time the existence of a visual peripersonal space centred on the face in humans. In patients with right hemispheric lesions, visual stimuli
Introduction
Neuropsychological findings in patients with space representation disorders, such as unilateral neglect, clearly indicate that the representation of space is strongly modular. Clinical dissociations have been described documenting neglect limited to personal space (Bisiach et al., 1986; Guariglia and Antonucci, 1992; Beschin and Robertson, 1997; Peru and Pinna, 1997) , near peripersonal space (Halligan and Marshall, 1991) or far extrapersonal space (Cowey et al., 1994) . The same dissociations have been found in primates after experimental lesions (Rizzolatti et al., 1983) . Surgical ablation of premotor area 6 caused neglect only for peripersonal space around the animal's mouth (peribuccal space) and abolished mouth-grasping or licking responses to contralesional tactile and peripersonal visual stimuli. In contrast, ablation of the adjacent frontal eye field region (area 8) produced visual neglect only for far extrapersonal space and reduced contralesional exploratory ocular saccades without affecting the personal and peripersonal space.
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delivered in the space near the ipsilesional side of the face extinguished tactile stimuli on the contralesional side (cross-modal visuotactile extinction) to the same extent as did an ipsilesional tactile stimulation (unimodal tactile extinction). Furthermore, a visual stimulus presented in the proximity of the contralesional side of the face improved the detection of a left tactile stimulus: i.e. under bilateral tactile presentation patients were more accurate to report the presence of a left tactile stimulus when a simultaneous visual stimulus was presented near the left side of the face. However, when visual stimuli were delivered far from the face, visuotactile extinction and visuotactile facilitation effects were dramatically reduced. These findings are consistent with the hypothesis of a representation of visual peripersonal space coded in bodypart-centred co-ordinates, and they provide a striking demonstration of the modularity of human visual space.
Therefore, the processing of space is not unitary but is distributed among several brain areas and several co-ordinate systems. As Sir Gordon Holmes (1918) pointed out, in order to calculate the spatial location of an object it is not enough to know where the visual image falls on the retina-it is also necessary to know where the eyes are pointing and how the head is angled. Andersen et al. (1993) found neurons in the monkey parietal areas 7a and LIP that combine exactly these three signals. The firing rate of these neurons is a function of the position of the stimulus on the retina, the position of the eyes in the orbit and the angle of the head on the trunk. In addition to the posterior parietal cortex, there are a number of other brain areas that, on the basis of lesion and singleneuron recording experiments in monkeys, are known to be involved in the processing of spatial information. These extraparietal areas include the frontal eye fields and the superior colliculus, which are involved in the processing of oculomotor space (Bruce, 1990; Sparks, 1991) , the hippocampus, which is involved in processing environmental space (Nadel, 1991) , and the dorsolateral prefrontal cortex, which is involved in processing mnemonic space (Funahashi et al., 1993) .
Moreover, and more relevant to the purpose of the present study, the premotor cortex (area 6), the putamen, a large subcortical nucleus forming part of the basal ganglia, and the ventral intraparietal area (VIP) are also involved in the processing of the visual space immediately around the body, i.e. the peripersonal space. In these cerebral areas there are neurons which respond to somatosensory stimuli such as light touch. Their tactile receptive fields are arranged to form a crude map of the body surface. As first shown by Rizzolatti et al. (1981) in the monkey premotor cortex, many of these cells also respond to visual stimuli in the space adjacent to their tactile receptive fields, i.e. they are bimodal, sensitive to both vision and touch (see also Graziano and Gross, 1995) . When the eyes move, the visual receptive fields of these bimodal cells do not move with the eyes; rather, they remain in register with the tactile receptive fields (Fogassi et al., 1992; Graziano et al., 1997) . Unlike most visual cells, their receptive fields are not in retinocentric co-ordinates. For the majority of cells with tactile receptive fields on the face, when the head moves the visual receptive fields move also, again staying in register with the tactile fields. Similarly, for the majority of cells with tactile receptive fields on the monkey's hands or arms, when the arm moves the visual fields move with the arm, remaining attached to the tactile fields .
In area VIP and the putamen there is also a somatotopic map of the body which has a more fine-grained topographic organization in the putamen than in the ventral premotor cortex (Crutcher and DeLong, 1984) . As in the premotor cortex, these cerebral areas contain many bimodal visuotactile cells with visual receptive fields that are immediately adjacent to the tactile fields on the head or arms (Duhamel et al., 1991; Colby et al., 1993; Graziano and Gross, 1993) .
Therefore, there are at least three areas in the monkey cerebral cortex which have tactile neurons on the face that also respond to visual stimuli presented near the face; their bimodal cells have visual receptive fields which match in space the location of the tactile receptive fields. Since the tactile fields are arranged somatotopically, the associated visual receptive fields form a map of the visual space immediately around the face, which is thus coded in bodypart-centred co-ordinates and not in retinal or other egocentric reference systems. In this way, the visual space near the animal is represented as if it were a gelatinous medium surrounding the body, which deforms in a topology-preserving fashion whenever the head-arm system moves. Such a map gives the location of the visual stimulus with respect to the body surface, in somatotopic co-ordinates. This space is confined in depth to a region near the animal's body. The responses of these bimodal neurons are characterized by a gradient of firing that varies as a function of viewing distance. They respond best, i.e. with the highest firing rate, to visual stimuli presented near the skin surface. In contrast, when visual stimuli are presented far from the skin surface only a weak response is induced (for a review, see Gross and Graziano, 1995) .
The aim of the present study was to verify the existence of a peripersonal space centred on the face and directly coded by visuotactile bimodal neurons in humans. With this aim, patients with tactile extinction were examined. Extinction is a common neurological sign after unilateral brain stroke. Patients with extinction may identify a single stimulus presented on their contralesional side, but can fail to do so when a competing stimulus is shown simultaneously on the ipsilesional side. Extinction phenomena have been attributed to unbalanced competition between concurrent targets for access to limited attentional resources (Ward et al., 1994; di Pellegrino et al., 1997a) . The unilateral damage of a brain area with a contralateral field representation results in a reduction in competitive weights in the affected field. As a consequence, stimuli presented in the contralesional space evoke a weak activation of that portion of space and, therefore, they are extinguished due to competition with stimuli presented in the intact ipsilesional space.
Extinction may occur within different sensory modalities (unimodal extinction): visual (Làdavas, 1990; Ward et al., 1994; di Pellegrino and De Renzi, 1995) , auditory (De Renzi et al., 1984) and tactile (Bender, 1952; Gainotti et al., 1989; Moscovitch and Behrmann, 1994; Vallar et al., 1994) . One interesting issue concerning extinction is whether the competition for selection operates across spatial representations based on different sensory modalities (crossmodal extinction) (Inhoff et al., 1992; Mattingley et al., 1997) . More specifically, the question addressed in this study was whether the competition between left and right space representations in one modality (e.g. touch) can be modulated (i.e. reduced or exacerbated) by the activation of an intact spatial representation in a different modality (e.g. vision). The prediction is that this phenomenon might occur due to the existence of an integrated visuotactile system responsible for processing tactile stimuli and visual stimuli presented near the body, i.e. in the peripersonal space. Thus, the presence of the modulatory effect of vision on touch will be taken as evidence of the existence of a peripersonal space centred on body part co-ordinates.
We investigated, in patients with extinction for tactile stimuli applied to the face, whether an ipsilesional visual stimulus could induce extinction of a contralesional tactile stimulus. Due to the presence of an integrated visuotactile spatial system, a visual stimulus presented near the ipsilesional side of the face (e.g. the right side) should be able to activate the somatosensory representation of that side. The competition between a weak tactile representation of the left side and an intact tactile representation of the right side might induce the extinction of a single left tactile stimulus. More importantly, we tested the hypothesis that the visual stimulus is directly coded by the visuotactile system responsible for processing visual stimuli in the peripersonal space. To this end, a visual stimulus was presented near the face or far from it. If visuotactile extinction is due to the activation of a visual space near the face, then extinction should be particularly severe in the former condition. It is worth noting that the bimodal neurons are more active when visual stimuli are presented near the skin surface. In contrast, if the effect is due to the activation of an ipsilesional space defined according to other egocentric co-ordinates, visuotactile extinction should manifest itself also when the visual stimulus is presented far from the face. Moreover, the existence of this integrated visuotactile spatial system also predicts an amelioration of tactile extinction when a visual stimulus is presented near the contralesional side of the face. When two tactile stimuli are delivered to both sides of the face, the simultaneous presentation of a visual stimulus near the contralesional side (e.g. the left side) should significantly improve the patient's left tactile detection. This is because the left visual stimulus enhances the damaged somatosensory representation of the left hemiface and, therefore, an amelioration of tactile extinction is expected. In addition, if the effect is due to the selective activation of the peripersonal visual space attached to the face, it should manifest itself mainly when the visual stimulus is presented near the face. In contrast, only a weak modulatory effect of vision on touch perception is expected when the visual stimulus is presented far from the face.
Method Subjects
Ten patients with contralesional tactile extinction were tested in the present experiment, and all of them had suffered a righthemisphere stroke, as determined by cranial CT scanning. Characteristics of the patients are outlined in Table 1 . All patients gave their informed consent to participation in this study, which was approved by the Ethics Committee of INRCA, Florence.
Patients were selected according to the absence of visual neglect and the presence of tactile extinction from a larger inpatient population of the I Fraticini Hospital in Florence. Neglect was assessed by using three cancellation tests (Albert's lines, bell cancellation and letter cancellation tests) and a line bisection task. Details of the patients' performance on cancellation tests is also provided in Table 1 . Tactile extinction was assessed by applying a light touch on the right or on the left cheek of the patient's face or on both cheeks simultaneously. Patients had to report how many stimuli had been presented (one, two or none). When a single stimulus was detected, patients were also required to specify the side on which it had been applied. All patients showed tactile extinction, but they performed well on single stimulus presentation. Visual extinction was also assessed by applying visual stimuli just above the surface of the right or the left cheek of patient's face, or on both sides simultaneously. Again, patients had to report how many stimuli had been presented (one, two or none). Only three out of 10 patients showed a mild left visual extinction on double simultaneous stimulation, whereas their performance on single stimulus presentation was without error.
Apparatus and procedure
Each patient sat in front of the experimenter, at a distance of~60 cm. When required, an anatomically shaped cardboard shield (20 ϫ 15 cm) was positioned horizontally just above the zygomata in order to cover the patient's face and to prevent sight of the tactile stimuli applied by the experimenter. Patients were asked to fixate the experimenter's nose. Before and during each trial, the experimenter checked that the patient was maintaining fixation.
Tactile stimuli consisted of a rapid flexion-extension of the examiner's index finger (Ͻ1 s), touching lightly the left, the right or both cheeks of the patient's face, just below the cheek-bone. Visual stimuli consisted of a single brief flexion of the experimenter's index finger delivered near the skin surface of the cheek, just below the cheek-bone, with the exception of Conditions 3 and 5, in which it was delivered at the same level (below the zygoma) but at a distance of 45 cm from the patient's face. Trials were of four main types within each experimental condition: a left stimulus only; a right stimulus only; bilateral stimuli (double simultaneous stimulation); and no stimulation at all ('catch trials'). Catch trials were included to assess the extent to which patients guessed on trials where they felt or saw nothing. In each experimental condition there were 10 trials for each type of stimulation and 10 catch trials (25% of trials). Trials were given in a different pseudorandom order within each experimental condition. Each experimental condition was carried out twice. The order of conditions varied pseudorandomly across subjects and sessions.
Patients were tested in the following five different conditions, which were given in separate blocks (Fig. 1) .
Condition 1 (tactile stimulation).
Tactile stimuli were applied to each side of the face covered by a cardboard shield that prevented a direct view of the experimenter's hands. In this condition, patients were told that they would feel a light touch on one or the other side of the face, or on both sides simultaneously, and that occasionally they would feel nothing at all. Patients were asked to respond verbally to what they had felt with the words 'left', 'right', 'both' or 'none'. The verbal response was always accompanied by a head movement towards the left or right or both. This was done to check for a possible confusion in using spatial terms.
Condition 2 (right visual near space and tactile stimulation).
This condition was performed in order to test the presence of visuotactile extinction between right visual peripersonal stimuli and left tactile stimuli. To this end, the right side of the face was in the patient's view whereas the view of the left side of the face was impeded due to the patched left eye. This was in order to prevent the patient from viewing the tactile stimuli applied by the experimenter, which might act as a visual cue. A tactile stimulus was given to the left side of the face and a visual stimulus near the right side of the face. In this condition, patients were told that they would feel a light touch on their left side only, they would see a finger movement near the right side only, or they would feel a touch on the left side and see a finger movement near the right side of the face simultaneously. Patients were told that occasionally they would neither feel nor see anything.
Condition 3 (right visual far space and tactile stimulation). This condition was performed in order to test
for the presence of visuotactile extinction between right visual extrapersonal stimuli and left tactile stimuli. This experimental condition was similar to Condition 2 with the exception that the visual stimulus was presented far from the face, at a distance of~45 cm. In this condition, patients were told that they would feel a light touch on the left side of the face only, see a finger movement on the right side only, or feel a touch on the left side and see a finger movement on the right side simultaneously. As in Condition 2, they were told that occasionally they would neither feel nor see anything.
In Conditions 2 and 3, patients were asked to respond verbally to what they had felt or seen, with the words 'left', 'right', 'both' or 'none'. As in Condition 1, verbal response was always accompanied by a head movement towards the left or right or both.
Condition 4 (left visual near space and tactile stimulation). This condition was performed in order to test
for the presence of an amelioration on left tactile stimulus detection by presenting a left visual stimulus near the left side of the face. To this end, the right eye was bandaged to prevent sight of a right tactile stimulus whereas the left side of the face was in the patient's view. A tactile stimulus was given to the left (or right) side or to both sides of the face simultaneously. The visual stimulus was given only near the left side of the face. In this condition, patients were told that they would (i) feel a touch on the right (or left) side, (ii) see a finger movement near the left side of the face touching the left side of the face and feel a touch on the right side of the face, (iii) see a finger movement near the left side and feel a touch on the right side of the face or (iv) see a finger movement near the left side of the face. The last two types of trials (iii and iv) were included to control for the possibility that patients erroneously report the presence of a left visual stimulus instead of a tactile stimulus. This was because in this condition patients were asked to respond verbally only to what they had felt.
Condition 5 (left visual far space and tactile stimulation).
This condition was performed in order to test for the presence of an amelioration on left tactile stimulus detection by presenting a left visual stimulus in the left extrapersonal space. To this end, the right and left sides of the face were screened with the shield in order to prevent the patient from viewing the tactile stimuli applied by the experimenter, which might act as a visual cue. The tactile stimulus was given to the left (or right) side of the face, or to both sides simultaneously. A visual stimulus was presented far from the face at a distance of~45 cm. In this block of trials, one examiner applied a short-duration double tactile stimulation while a second examiner simultaneously revealed a single brief flexion of the index finger in the patient's contralesional visual field. Patients were told that they would (i) feel a light touch on the left (or right) side of their face, (ii) see a finger movement on the left and feel a single touch on the left, (iii) on the right, or (iv) on both sides of the face. Two type of trials (ii and iv) were included to control for the possibility that patients erroneously report the presence of a left visual stimulus instead of a tactile stimulus. This was because in this condition patients were asked to respond verbally only to what they had felt.
The sequence of steps in each trial was as follows. The experimenter first checked that the patient was keeping the fixation. Next, he indicated the start of the trial by saying 'ready' and then delivered the stimulus or stimuli appropriate for that condition. In Condition 5, the presentation of visuotactile stimuli was preceded by a third examiner saying 'ready: one, two, three, four' according to a rhythmic tempo of 4/4. In order to keep the timing of visual and tactile stimuli synchronous, both examiners delivered the stimuli on the word 'four', observing the rhythmic beats. Following stimulation, patients either responded spontaneously with an appropriate verbal label or, if they failed to respond, they were prompted by the experimenter to make one of the four possible responses ('left', 'right', 'both' or 'none'). No feedback was given on accuracy.
Results
All patients performed at or near ceiling on trials consisting of unilateral left or right stimulus presentation. This result shows that tactile sensation was sufficient for a correct single stimulus detection and that patients rarely made spurious 'both' responses. Patients almost never produced false alarms in the no-stimulation trials: this indicates that they used the 'none' response when they did not detect any stimulus. Moreover, they did not erroneously report the presence of the visual stimulus when they were instructed to report only the tactile stimulus (Conditions 4 and 5).
To test the hypothesis that a right visual stimulus may extinguish a left tactile stimulus it is necessary to compare the number of contralesional detections made on unilateral left tactile stimulus presentation with those made on bilateral stimulation, i.e. right visual stimulus and left tactile stimulus. Significantly fewer contralesional detections in bilateral trials compared with unilateral trials indicate cross-modal extinction. The percentages of correct detections made by the patients are shown in Fig. 2 .
A repeated-measures ANOVA (analysis of variance) with Condition as a factor (unilateral and bilateral tactile stimulation, visuotactile stimulation in peripersonal space, visuotactile stimulation in extrapersonal space) revealed a significant main effect of the factor Condition [F(3,27) ϭ 15. 20, P Ͻ 0. 0001]. Post hoc analysis showed that patients were significantly more accurate in the detection of a left tactile stimulus on unilateral than on bilateral tactile presentation [94% (SD ϭ 5) and 35% (SD ϭ 33) accuracy, respectively, P Ͻ 0. 0001]. Likewise, subjects performed better on single tactile stimulation (94%) than when a right visual stimulus was simultaneously presented near the right side of their face [38% (SD ϭ 31), P Ͻ 0. 0001] or far from the face [69% (SD ϭ 22), P Ͻ 0. 02]. It is worth noting that the cross-modal effect found when the visual stimulus was presented near the right face (38%) was not significantly different from the effect found on bilateral tactile stimulation (35%). In contrast, the cross-modal effect found when the visual stimulus was presented far from the face (69%) was smaller than the effect found in the bilateral tactile stimulation (35%, P Ͻ 0. 005).
More relevant to the hypothesis of the present study, when the right visual stimulus was presented in the peripersonal space the percentage of correct responses (38%) was lower with respect to the conditions in which the visual stimulus was presented in the extrapersonal space (69%, P Ͻ 0. 005).
All patients showed a decrease in performance when two stimuli (left tactile and right visual) were presented compared with the condition in which only one tactile stimulus was delivered to the left side of the face. Moreover, nine out of 10 patients showed a stronger inhibitory effect when the visual stimulus was presented near the right with respect to the condition in which it was presented far from the right, the difference between conditions ranging from 5% (patient F. I.) to 65% (patient P. P.) correct responses.
To test the hypothesis that a left visual stimulus may produce an amelioration of left tactile detection it is necessary to compare the number of left detections under bilateral tactile stimulus presentation with those made under bilateral visuotactile stimulation, i.e. bilateral tactile stimulus presentation and left visual stimulus presentation. Significantly more contralesional detections in bilateral visuotactile trials compared with bilateral tactile trials indicate cross-modal facilitation. Under bilateral tactile stimulation, all patients showed a substantial amelioration in left tactile detection when a concurrent left visual stimulus was presented in the contralesional space. In addition, all of them showed a stronger facilitatory effect when the visual stimulus was delivered near the left side of the face compared with the condition in which it was presented far from the left, the difference between conditions ranging from 5% (patient M.G.) to 35% (patient A.R.) correct responses.
Discussion
The present study provides unequivocal evidence of the existence of a visual peripersonal space centred on the face in man and its modulatory effect on tactile stimulus detection. In patients with a right-hemisphere lesion and reliable tactile extinction, a visual stimulus presented near the ipsilesional side of the face inhibited or interfered with the processing of a tactile stimulus delivered on the contralesional side of the face (cross-visuotactile extinction) to the same extent as did an ipsilesional tactile stimulation (unimodal extinction). Furthermore, a visual stimulus presented in the proximity of the contralesional side of the face improved the detection of a left tactile stimulus; i.e. under bilateral tactile presentation patients more accurately reported the presence of a left tactile stimulus when a simultaneous visual stimulus was presented near the left side of the face.
In contrast, only weak modulatory effects of vision on touch perception were observed when a visual stimulus was presented far from the patient's face. In fact, cross-visuotactile extinction was enormously reduced when an ipsilesional visual stimulus was presented far from the face. Likewise, a weak cross-visuotactile facilitatory effect on left tactile detection was found when visual stimuli were presented distantly from the face.
Results from animal research help to illuminate the nature of the mechanism underlying the inhibitory and facilitatory effects of vision on touch perception reported here, and to clarify how such a mechanism operates to co-ordinate visual and tactile representations of space. Single-cell recording studies in monkeys show that area VIP, the premotor area 6 and the putamen appear to represent visual space near the body (Gentilucci et al., 1988; Duhamel et al., 1991; Gross, 1993, 1994) . Duhamel et al. (1991) showed that area VIP of the rhesus monkey, which contains a complete representation of the facial region, has a large number of neurons which respond to tactile stimuli, primarily on the face, with selective visual receptive fields. The majority of these movement-selective visual neurons also have somatosensory receptive fields whose tactile properties are congruent with their visual properties; their visual and somatosensory receptive fields are matched in location and size. The degree of eccentricity of the visual receptive field is related to the position of the somatosensory receptive field with respect to the mid-sagittal plane, such that cells with frontal somatosensory receptive fields have visual receptive fields that are more central than those of cells with somatosensory receptive fields on the side, top or back of the head. Moreover, visual and somatosensory receptive fields also correspond in size. Cells with fairly discrete, central, visual receptive fields have somatosensory receptive fields that are small, while cells with larger and more peripheral visual receptive fields have somatosensory activity to stimulation of larger cutaneous zones extending to the sides of the face. In addition to matching in location and size, VIP receptive fields have matching direction selectivity in each modality. When direction selectivity is present in both sensory modalities, the preferred visual direction is associated with an identical preferred direction for the somatosensory stimulus. In other words, there is a striking correspondence between the location and response properties of visual receptive fields and those of somatosensory receptive fields.
Moreover, these neurons are tuned for stimulus location in depth (Colby et al., 1993; Duhamel et al., 1998) . Half of these neurons responded best to near stimuli, located 10-20 cm from the animal's face, while the other half responded best to 'ultra-near' stimuli presented within 5 cm of the monkey's face. These responses were characterized not by an absolute preference but by a gradient of firing that varied as a function of viewing distance. These neurons responded best to stimuli located on a tangential screen 5 cm from the monkey, less well to a stimulus at 10 cm and least well to a stimulus at 57 cm.
Bimodal visuotactile neurons have also been found in inferior area 6 (Rizzolatti et al., 1981; Graziano and Gross, 1995; Fogassi et al., 1996) ; they have somatosensory receptive fields on the face (24%), the arm (34%), both the face and the arm (29%), the chest (2%), the face and the chest (2%) and the whole upper body (8%). Bimodal neurons with tactile receptive fields on the face responded best to stimuli located on a tangential screen 30 cm from the monkey's face.
In the putamen, visual-somaesthesic neurons have been found in addition to somatosensory neurons . Sixty-six per cent have a somatosensory receptive field on the face and a visual receptive field extends outwards~10 cm from the tactile receptive field. The response was weak and erratic towards the edges of the visual receptive field. In addition, responsiveness was better to a stimulus moving towards the face than to a stimulus moving away from it.
In conclusion, there are at least three cerebral areas which have tactile neurons on the face that also respond to visual stimuli presented near the face; their bimodal cells have visual receptive fields which match in space the location of the tactile receptive fields and are confined in depth to a region near the animal. Because the tactile fields are arranged somatotopically, the associated visual receptive fields form a map of the visual space immediately around the face, which is thus coded in body-part-centred co-ordinates and not in retinal or other egocentric reference systems. Therefore, these areas provide an integrated (visuotactile) system for coding peripersonal space centred on the face. As a consequence of this sensory integration, the activation of these bimodal neurons by a visual stimulus presented near the face also activates the corresponding somaesthesic representation of that side of the face.
Since extinction, as well as neglect, becomes manifest when there is competition between two (Cohen et al., 1994; Ward et al., 1994; di Pellegrino et al., 1997a) or more spatial representations (Làdavas et al., 1997) , the simultaneous activation of the somatosensory representation of the left side of the face by a tactile stimulus and of the right side of the face by a visual stimulus produces an extinction of those stimuli presented in the weaker representation, i.e. the left side of the face. Likewise, the stimulation of the visual space near the left side of the face results in enhancement of the damaged (and hence weak) somatosensory representation of the left side. This stimulation is thus able to correct the abnormal bias towards the ipsilesional face representation, and as a consequence left tactile extinction improves substantially.
Single-neuron studies also showed that visuotactile bimodal cells are less active when visual stimuli are administered far from the face, i.e. in the extrapersonal space (Gentilucci et al., 1988; Duhamel et al., 1991; Graziano and Gross, 1995) . Face-centred bimodal neurons have been shown to respond best to visual stimuli located in a region of space within 5-20 cm from the skin surface. These neurons can also be activated by visual stimuli located at longer distances but their response is much reduced (Duhamel et al., 1991 (Duhamel et al., , 1998 Graziano et al., 1995) . That is, bimodal neurons vary their responsiveness primarily as a function of the distance of the visual stimulus from the body surface, their activation being greater at closer distances. Therefore, the strong crossvisuotactile extinction found when the visual stimulus is presented near the face and the mild cross-visuotactile extinction found when the visual stimulus is presented far from the face are fully compatible with the neurophysiological findings. These findings also explain the strong cross-modal facilitation effect found when the visual stimulus was presented near the face and the reduction of the effect when it was presented far from the face.
One interesting issue which needs to be addressed in the future is the extent in depth of near peripersonal space in humans because, as mentioned above, bimodal cell responses in monkeys are not characterized by an absolute preference but by a gradient of firing that varies as a function of viewing distance.
The existence of a peripersonal space anchored to body parts in man has been found recently by di Pellegrino et al. (1997b) and Làdavas et al. (1998) , who demonstrated for the first time the existence of a visual peripersonal space centred on the hand in humans and its modulatory effects on tactile perception. As in the present study, the authors addressed the question of whether the competition between left and right representations of space in one sensory modality (i.e. touch) could be exacerbated by the activation of an intact spatial representation in a different modality functionally linked to the damaged representation (i.e. vision). This hypothesis was tested in a right-hemisphere-lesioned patient who suffered from reliable tactile extinction. They found that a visual stimulus presented near the patient's ipsilesional hand (i.e. in visual peripersonal space) inhibited the processing of a tactile stimulus delivered on the contralesional hand (crossmodal visuotactile extinction) to the same extent as did an ipsilesional tactile stimulation (unimodal tactile extinction). In striking contrast, the effects of vision on touch perception were less modulatory when a visual stimulus was presented far from the space immediately around the patient's hand (i.e. in extrapersonal space). This study clearly demonstrates the existence of a visual peripersonal space centred on the hand in humans and its modulatory effects on tactile perception. It is worth noting that these modulatory effects are expected only if at least one of the areas coding visual peripersonal space is spared by the lesion. Relative functional integrity of these areas is a necessary condition for inducing the inhibitory as well as the facilitatory effect of vision on touch perception found in the present study.
In conclusion, the inhibitory and facilitatory effects of visual stimuli on touch converge to suggest that competition for attentional selection is not limited to events within the same modality, but may also occur between stimuli arising from different sensory modalities. However, our study clearly indicates that cross-modal competition between vision and touch is not generalized. Visual events presented far from the ipsilesional face (extrapersonal space) did not selectively compete with left tactile stimuli, as did visual events presented near the face. Thus, our study suggests the existence of a unified attentional system that controls both visual and tactile inputs within the peripersonal space around the face, and shows how this system is functionally separated from that which controls visual information in the extrapersonal space.
An interesting issue is the function of a visual peripersonal space centred in body-part-centred co-ordinates. One way to address the question is try to understand the functional organization of these bimodal neurons. Cells in the putamen, the VIP area and inferior area 6 have motor functions as well as sensory functions. Indeed, the same neurons often have both sensory and motor activity. These areas are probably best described as sensory-motor interfaces, which help to encode the location of sensory stimuli and to generate the motor responses to those stimuli. The actions controlled by these areas are movement of the head and movement of the arm directed towards the body and away from the body. The function of sensory inputs in these areas is that of selecting a location on the body or in the peripersonal space and of recruiting the neurons that control movements related to stimulus location. As we have previously seen, many neurons discharge during head movements and have tactile receptive fields on the face and visual receptive fields around the skin surface. By definition, a tactile receptive field indicates where a stimulus is located on the skin. Neurons controlling head movements therefore have the cutaneous information required to localize the stimulus on the skin.
The interesting point is that the same neuron that controls head movements on the basis of cutaneous information can also do it on the basis of visual information. This could allow the neuron to localize the stimulus even when the skin is not stimulated and to produce an appropriate movement in response to it. This is a very important function because, for a very simple action such as that of avoiding a stimulus coming towards the face or the hand, reaching to grasp an object, or getting food into the mouth, we need to know the position of the visual stimulus relative to the head, hand or both. This information is probably provided by the bimodal visuotactile neurons described in the present study. Indeed, the regions of the premotor cortex coding head movements, mouth-grasping and co-ordinated hand/mouth actions receive and send projections to the VIP area (Matelli et al., 1994; Tanné et al., 1996) .
Other evidence which might be related to the existence of an integrated visual-tactile peripersonal space anchored on body parts can be found in other forms of neurological deficit, as in the case of some patients with severe sensory loss (Denny-Brown et al., 1952; Hoogenraad et al., 1994) . These patients manifested a dense hemianaesthesia and hemiplegia after right parietal lesions when vision was blocked. However, they involuntarily withdrew their affected hand when they could see the experimenter's hand approaching their affected hand, thus showing an avoidance reaction. Similar findings have been reported by Halligan et al. (1996; in brain-damaged patients with dense hemisensory loss to the upper limb. These patients reported having felt a tactile sensation on the affected hand only if they were allowed to see the hand being touched by the experimenter. In one patient, simply the vision on the screen of the affected hand being touched produced reports of tactile sensation on the affected hand, even if no real touch occurred (Halligan et al., 1997) . The authors proposed that, when only a limited tactile information is available, correlated visual information may 'boost subthreshold tactile stimulation into conscious awareness'.
Related evidence of intermodal interaction between vision and touch has been described in arm-amputated patients as well as in normal subjects. In arm amputees, the view of a mirror-reflected image of their normal arm generated a compelling visual perception of the missing arm. Further, viewing the normal hand being touched by the experimenter evoked touch sensations in the mirror-symmetrical locations on the 'visually resurrected' phantom limb as if the virtual image of the phantom hand could activate neural systems that normally receive tactile, proprioceptive and visual information from that hand (Ramachandran and RogersRamachandran, 1996 ; for a review see Berlucchi and Aglioti, 1997) .
Cross-modal interaction has also been found in normal subjects (Botvinick and Cohen, 1998) by simultaneously touching the left hand, screened from subjects' view, and an 'alien' rubber hand placed in front of them. Subjects referred the tactile sensation not to the hidden real hand but to the seen alien hand, experiencing in this way the rubber hand as belonging to themselves. Interestingly, the connectionist network developed by Botvinick and Cohen (1998) to investigate the nature of this interaction between vision, touch and proprioception showed a layer of units whose response properties were analogous to those of the bimodal cells described in the present study.
At present, it is difficult to establish to what extent all these different forms of intermodal effects share a common neural mechanism. Nonetheless, the existence in the human brain of bimodal neurons, similar to those found in nonhuman primates, coding peripersonal space seems to provide a fairly convincing candidate to account for these phenomena.
